Leaves of the xantha mutant of Helianthus annuus have a higher rate of transpiration and a lower diffusive resistance in the light than in the dark. Stomates of this nonphotosynthetic mutant open in the light and close in the dark.
The stomatal apparatus controls not only transpirational water loss but also the exchange of gases between the interior and exterior of leaves. Stomatal opening or closing is a consequence of turgor changes in the guard cells that are influenced by a number of environmental factors including CO2 and 02 tension, water supply, temperature, and light. Of these controlling factors, the influence of light is perhaps the least understood.
Intensity, quality, and periodicity of light influence stomatal opening (9, 10, 13) . Most hypotheses concerning the mechanism of light regulation of stomates postulate the involvement of the photosynthetic apparatus, an implication of the almost universal presence of chloroplasts in the guard cells and their absence in other epidermal cells. This circumstantial evidence based on the pattern of chloroplast distribution is supported by reports of the unresponsiveness to light of stomates in nonphotosynthetic mutants of higher plants and in etiolated leaves (19) (20) (21) . However, some aspects of the photoresponse of stomates are inconsistent with, or even contradic-'This work was supported by National Science Foundation Grant GB 14816. tory to, the hypothesis that photosynthesis is involved. Most studies of wavelength effects indicate that blue light is many times more effective in promoting stomatal opening than red light (9, 12, 13) while these regions of the spectrum are equally efficient in promoting photosynthesis. There is no question about the controlling effects of stomatal aperture on the rates of photosynthesis through regulating the movement of atmospheric CO2 to the leaf mesophyll cells. Evidence that photosynthesis controls stomatal aperature, on the other hand, is far less convincing and involves secondary effects such as depletion of CO2 from the interior of the leaf, condensation or hydrolysis of the carbohydrate products of photosynthesis (interconversion of sugar and starch), or utilization of ATP formed during photosynthesis as a source of energy for the movement of solutes across membranes against concentration gradients.
Two mutants of Helianthus annuus, the yellow xantha and the white albina (22) , unlike albino materials previously examined, do exhibit light-dependent increases in transpiration rates and opening of stomates. In the dark, their transpiration rates decrease and stomates close. The response to light of these nonphotosynthetic mutants argues against the involvement of photosynthesis in light-dependent stomatal opening. The experiments summarized here suggest that phytochrome is involved in the stomatal response to light and that opening is a consequence of two photoreactions that have distinctly different wavelength dependence and kinetics.
Many recent studies have presented overwhelming evidence that light-dependent stomatal opening is accompanied by a flux of potassium ions into the guard cells (1, 2, 7, 8, 14, 18) . If phytochrome mediates the change in membrane permeability that must be associated with such an ion flux, then it appears that light-dependent stomatal opening is but one of the turgor phenomena in plants which have a common mechanism. The other major category of responses with this mechanism is the nyctinastic movement of leaves (16, 17) . In the latter system, light-dependent turgor changes in specific cells are accompanied by movements of potassium ions and are mediated by phytochrome.
MATERIALS AND METHODS
Plant Materials. The xantha and albina mutants of Helianthus annuus were propagated by grafting seedlings onto wild-type stocks according to procedures previously described (6, 22 (4), while the xantha more nearly approximates the wild type in leaf development (22) . When transpiration rates are expressed as weight loss per cm2 leaf area, the albina has the highest rate of transpiration in both the light and dark with a smaller difference in rate between light and dark than exhibited by the xantha and wild type.
As would be anticipated, there are measurable differences in values for diffusive resistance measured in the light and the dark (Table I) . Only data for the xantha and wild type sunflower are available because leaves of the albina mutant are too small and irregular to fit in the sensors of the diffusive resistance meter.
The comparative data summarized in Table I indicate that the guard cells of mutant leaves do respond to light and that a photoactive stomatal opening can occur in the absence of photosynthesis.
Responses to Light Intensity. Preliminary studies with leaf discs exposed to low intensity monochromatic light obtained by means of interference filters presented a very confusing picture of stomatal response to light as a function of wavelength. With xantha mutant and wild-type sunflower leaf discs, stomatal opening was observed not only at 460 and 600 but also at 720 nm. Parallel runs with tobacco leaf discs revealed negligible opening at 460 and 600 nm with only partial opening at 720 nm. It seemed possible that the light intensities used were too low for significant opening to be observed and therefore a series of light intensity-response curves were run beginning with "white" light from Sylvania Gro-Lux lamps.
White Light. The spectral output of Gro-Lux lamps is predominantly in the blue and red, regions of the spectrum that are most effective for photosynthesis. In "white" light obtained from these lamps without filters, two patterns of stomatal response were evident (Fig. 2) tobacco stomates responded to low light intensities, as did the xantha mutant. In the range of 200 to 300 puw/cm' both exhibited a plateau in their response with greater opening at higher intensities. Without knowledge of the pattern of response in the xantha mutant, the nonlinearity in wild-type sunflower and tobacco light intensity-response curves might have been attributed to experimental error. However, a similar pattern of response has been described by Liebig (10) in which opening occurred at very low intensities, stomates closed partially at higher intensities, but at still higher intensities opened further. With comparative data for the nonphotosynthetic mutant available, a plausible hypothesis for this strange behavior is that in wild-type stomates two light-dependent reactions are involved in opening. Only one of these reactions (a low intensity response) is operational in the mutant. By next running light intensity-response curves in isolated portions of the spectrum, it was possible to demonstrate that one or the other of the two postulated photoreactions could be activated selectively by utilizing the appropriate light quality.
Blue Light. The intensity-response curves of wild-type sunflower and tobacco in blue light exhibit a pattern that will be referred to here as the "high intensity" photoreaction of stomates, a response that is not seen in the xantha mutant (Fig. 3) . There is a distinct threshold with a minimal light intensity of approximately 100 ttw/cm2 needed for opening. At Plant Physiol. Vol. 51, 1973 and per cent open stomates. This pattern of response has been reported by Kuiper (9) . The maximal light intensity that was available under the conditions of blue light used was less than 4 times the threshold level. The stomatal response to higher light intensities can be estimated by extrapolation of the relatively linear curves shown in Figure 3 . The estimated light intensity needed for 100% open stomates is approximately 450 /Aw/cm2 for tobacco and 700 fUw/cm2 for wild-type sunflower. The estimated stomatal apertures at these light intensities are 5 ,u for tobacco and 7 ,u for wild-type sunflower. The term "high intensity" response has been used for this pattern of stomatal opening because the estimated levels of light energy needed for maximal response are of the order of 5 to 20 times those needed for saturation of the "low intensity" response exhibited by stomates in green and far red light. The unresponsiveness of xantha stomates to blue light suggests that the high intensity system is inoperative in the mutant and that the photoreceptor for the low intensity system does not absorb significantly in the blue region of the spectrum.
Green Light. In green light, xantha mutant and tobacco stomates exhibit practically identical patterns of response (Fig.  4) . The wild-type sunflower also follows this pattern in which there is no threshold, a partial opening, and saturation of the opening response at relatively low light intensities. The From these data it appears that the low intensity response is operational in the stomates of all three kinds of leaf material used and that the photoreceptor for this response absorbs in the green portion of the spectrum. It is difficult to imagine that this stomatal response can be linked in any way to the photosynthetic apparatus.
Red Light. It has been recognized for some time that red light is less effective than blue light in promoting stomatal opening (9, 12) . Nevertheless, the patterns of response observed in the red were not anticipated. Tobacco stomates exhibited the expected high intensity response with its characteristic threshold, but both xantha and wild-type sunflower stomates remained closed (Fig. 5) . The unresponsiveness of the xantha mutant can be explained by its lack of the high intensity photosystem. There are two possible explanations for the inactivity of the wild-type. If red light in sequence were investigated. The experiments summarized in Table II Mansfield considered the involvement of phytochrome in the low intensity phase shift phenomenon, but he rejected this hypothesis because of the absence of a reversal of red effects by far red and the requirement for frequent interruptions of the dark period for a phase shift response to be elicited.
The interactions of red and far red on the low intensity response are complex. There is no simple way to explain why a long exposure to red preceding far red should be less inhibitory than shorter exposures. However, sufficient interaction has been demonstrated to support the proposed involvement of phytochrome.
The experiments reported here provide little information about the photoreceptor for the high intensity photoresponse of stomates. Yet they do provide an explanation for the generally poor response to red as compared to blue light. If the function of the low intensity response is, as Mansfield (11) has suggested, one of effecting a "readiness to open" or, as we prefer to view it, to serve as an "unlocking mechanism," and if this response is inhibited by red light, then the generally greater response of stomates to blue light is understandable.
